The need to protect our water resources and increasing public awareness of the importance of cleaner water for ecological and human health reasons are driving regulations limiting nutrient release from traditionally exempt, non-point source agricultural contributors. Modification of production practices alone may not be adequate to meet regulated nutrient criterion limits for irrigation and stormwater runoff entering surface waters. Three constructed wetland technologies are well suited to help agricultural producers meet current and future regulations. The first two technologies, surface-and subsurface-flow constructed wetlands, have been in use for over 40 years to cleanse various types of wastewater, whereas floating treatment wetlands are an emerging remediation technology with potential for both stormwater and agricultural runoff treatment applications. The mechanisms driving removal of both nitrogen (N) and phosphorus (P) in constructed wetland systems are discussed. Surface-flow constructed wetlands remediate N contaminants from both container nursery and greenhouse production wastewater, whereas P remediation is variable and tied most closely to active plant growth as the constructed wetland ages. Subsurface-flow constructed wetlands effectively remediate N from production wastewater and can be tailored to increase consistency of P remediation through selection of P-sorbing root-bed substrates. Floating treatment wetlands effectively remediate both N and P with a designed surface area of a pond covered depending on the target effluent concentration or regulated total maximum daily load. The choice of treatment technology applied by growers to meet regulated water quality targets should be based on both economic and site-specific considerations.
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ECOLOGICAL IMPACTS OF NUTRIENT ENRICHMENT
As human population increases and distribution shifts from rural communities to urban centers, demand for water to support urban and industrial requirements will increase, reducing the amount and/or quality of water available for agriculture (Rosengrant and Ringler, 1998) . The quality of many surface water sources is negatively impacted by nutrient contamination from both point and non-point source contributors [U.S. Environmental Protection Agency (EPA), 2013a]. When dissolved oxygen declines in a water body in response to increased primary productivity driven by nutrient enrichment, dead zones can form. Measures of water quality, such as low dissolved oxygen or increased primary productivity, become justification for regulatory action enforced at the city, state, and/or federal level in an effort to decrease nutrient enrichment of water bodies (Conley et al., 2009) . Nutrient enrichment, also called eutrophication, can be broadly defined as the process whereby water body productivity, both primary and secondary, increases in response to increased nutrient availability (Khan and Ansari, 2005; Wight and Welbourn, 2002) . Primary productivity refers to the growth of organisms, typically photosynthetic flora but also cyanobacteria, that synthesize organic mass from inorganic materials (Elser et al., 2007) , whereas secondary productivity refers to organisms that feed on primary producers. Eutrophication is a naturally occurring process in surface waters. A water body's progression from oligotrophic (less than 5 to 10 mg · L -1 P, less than 250 to 600 mg · L -1 N, and 50 to 300 mg · m -2 · d -1 carbon), to mesotropic (less than 10 to 30 mg · L -1 P, 300 to 600 mg · L -1 N), and finally to eutrophic (greater than 30 mg · L -1 P, greater than 500 mg · L -1 N, and 1 g · m -2 · d -1 or greater carbon) depends on the normal nutrient status of the lake, geographical location, watershed size, and nutrient and rainfall inputs over time (Khan and Ansari, 2005; Lillie and Mason, 1983) . Existing paradigms indicate that P is the nutrient limiting primary productivity in freshwater systems, whereas N limits productivity in estuarine, oceanic, and terrestrial systems (Conley, 2000) . However, recent work raised questions regarding these paradigms, because both N and P appear to be equally limited in most freshwater systems, and the addition of both N and P to aquatic systems (whether freshwater or saltwater) results in synergistic increases in primary productivity (Elser et al., 2007) . A ''dual-nutrient-reduction strategy'' limiting loading of both N and P into surface waters is needed to effectively control eutrophication (Conley et al., 2009) .
NUTRIENT CONCENTRATIONS IN PRODUCTION WASTEWATER
The concentration of nutrients in container nursery (crops produced in open systems, without permanent cover) effluent can range from 0.1 to 135 mg · L -1 nitrate-nitrogen (NO 3 -N) and 0.01 to 20 mg · L -1 phosphatephosphorus (PO 4 -P) (Huett et al., 2005; Taylor et al., 2006) . Runoff volumes from nursery container production areas can range from 3.9 L · m -2 · d -1 to 22.6 L · m -2 · d -1 or more, depending on irrigation delivery method, frequency, duration, and storm events (Majsztrik, 2011; Million et al., 2007; Warsaw et al., 2009) . Nutrient concentrations in a greenhouse (crops produced in closed systems with permanent cover) effluent can range from 7.5 to 381 mg · L -1 NO 3 -N, 0.9 to 47 mg · L -1 ammoniacal-nitrogen (NH 4 -N), and 0.85 to 306 mg · L -1 total P (Dole et al., 1994; Prystay and Lo, 2001; Roseth and Haarstad, 2010) . Runoff volumes from greenhouses production systems vary, depending on container size and spacing, irrigation rates, and whether systems are open or closed, but in general, runoff volumes can range from 4.5 to 12.6 L · m -2 · d -1 (Majsztrik, 2011; Prystay and Lo 2001) . In future studies, more emphasis should be placed on quantifying runoff volumes from production areas, whether greenhouse, container, or field, because compliance with regulations will likely be measured using loading data [nutrient mass (concentration · runoff volume) per unit area per unit time], rather than concentration data alone, because water conservation will likely be a crucial aspect of production management.
Nutrient-rich runoff from nursery and greenhouse production areas is under increased scrutiny from regulators and environmental groups, although according to the Clean Water Act, return flows from irrigated agriculture are considered non-point source contributions to watersheds (U.S. EPA, 2013a). During the past 40 years, regulation of point source nutrient contributors has reduced N 1 To whom reprint requests should be addressed; e-mail swhite4@clemson.edu. and P loading into water bodies, but these regulations have not adequately protected our nation's surface waters, because many streams, river segments, and lakes remain on the 303(d) list of impaired waters (U.S. EPA, 2013b). Because regulation of point sources has not adequately improved the water quality in many of our surface waters, effluent from all land use types, whether point or nonpoint source, in a watershed may become regulated by individual states and municipalities as is now the case in the Chesapeake Bay watershed (Majsztrik and Lea-Cox, 2013) . Shifts in policy within individual states and regions could place additional regulations on agricultural producers to manage production practices to limit irrigation runoff and prevent on-site erosion, because these are the primary mechanisms by which non-point sources of nutrients enter and impair surface waters.
VEGETATION-BASED BEST MANAGEMENT PRACTICES
Container nursery and greenhouse operations have several best management practices/ strategies available to decrease nutrient-rich runoff, including denitrification walls and vegetated/turfgrass buffer strips for low-flow volumes (Lee et al., 2003; Schipper and Vojvodic-Vukovic, 2001) , vegetated ditches for low to moderate volumes (Cooper et al., 2004) , and constructed wetlands for moderate to high volumes of runoff (Arnold et al., 1999; Taylor et al., 2006; White et al., 2010) . The type of best management practice implemented depends on availability of land for a treatment system, site topography, runoff volume and frequency, and the nature of water flow (e.g., continuous or intermittent), all factors affecting nutrient load in irrigation runoff. Constructed wetland systems provide consistent contaminant removal while being both low maintenance and lower in cost than alternative nutrient treatment technologies (White et al., 2010) .
CONSTRUCTED WETLAND REMEDIATION PRINCIPLES
Contaminant cycling and removal within wetland systems is regulated by microbial and plant communities, the sediment or rootbed substrate, and fluxes within the water column (Kadlec and Wallace, 2008) . Bacterial communities metabolize, degrade, and remove contaminants from water flowing through the wetlands. The stems of emergent hydrophytes provide surfaces within the water column for microbial communities to colonize, whereas high-density plantings decrease the rate of water flow through the wetland, enhancing sedimentation. The sediment supports the plant root system, provides surfaces for colonization by bacteria, and enhances ion complexation through redox reactive surfaces (Kadlec and Wallace, 2008) . The water column is the link between surface water and the sediment and facilitates transport of chemicals and gases between microbial, plant, and animal communities (Kadlec and Wallace, 2008) .
Wetlands assimilate and transform nutrients through a range of physical and biological mechanisms including microbially mediated processes, chemical networks, volatilization, sedimentation, sorption, plant uptake and senescence, and accretion (Kadlec and Wallace, 2008; Kröger et al., 2007; Pant et al., 2001; White et al., 2011) . Increased hydrophyte richness in constructed wetlands improves both wetland function and nutrient processing capacities (Cooper et al., 2004; Engelhardt and Ritchie, 2001; Fraser et al., 2004) . Nitrogen is efficiently assimilated in constructed wetlands and released as N gas through ammonification of organic N, nitrification of ammonia, and denitrification of nitrate (Kadlec and Wallace, 2008) . Seasonal depressions of N removal are likely in most regions in response to reduced plant growth and inhibition of biological processing during cold weather (Arnold et al., 1999; Kadlec and Reddy, 2001; Taylor et al., 2006) .
Phosphorus removal is more variable than N removal. Both saturable and renewable mechanisms control P removal. Phosphorus sorption to mineral soils and storage and cycling within biomass, including both plant uptake and microbial immobilization, are saturable P removal mechanisms; P removal facilitated by accretion of decay-resistant biomass into wetland soils and precipitation reactions are considered renewable mechanisms (Kadlec and Wallace, 2008; Pant et al., 2001) . When P loading into a wetland systems is below or near its P assimilation capacity, accretion and precipitation reactions may adequately control P cycling, but when P loading rates increase above the wetlandspecific P assimilation capacity, harvest and removal of plant biomass or saturated sediments may be necessary to limit internal cycling of P within the wetland.
Plant harvests from wetlands can shortcircuit the internal P cycle but can be difficult (for rooted hydrophytes), result in stand damage if performed too frequently (Kim and Geary, 2001) , and be costly both in terms of labor and biomass disposal (Kadlec and Wallace, 2008) . The only instance whereby harvest might be considered a sustainable P control mechanism is when floating plants are harvested. Constructed wetlands are used to treat container nursery or greenhouse irrigation runoff, because irrigation frequency within container production permits consistent flows into constructed wetlands compared with the more punctuated flows in agricultural runoff. Removal of N and P is heavily influenced by the hydrologic regime of the constructed wetland (Tanner and Kadlec, 2013) . Continuous flows support sustained biological activity within the wetland system compared with flood and pulse flows (Diaz et al., 2012; Tanner and Kadlec, 2013) .
Constructed wetlands are sized based on site-specific considerations, which include site geography, nutrient loading rates (nutrient concentration times volume of runoff per unit production area), and desired effluent end points. The planned treatment capacity or hydraulic retention time (HRTs) of a constructed wetland is the time that water remains within treatment cells. Typical HRTs range from 3 to 5 d, but if average production effluent contains higher (greater than 50 mg · L -1 NO 3 -N and greater than 6 mg · L -1 total P) concentrations of nutrients, designed HRT could increase to greater than 10 d to meet target remediation end points.
The majority of constructed wetlands used for agricultural wastewater treatment are surface-flow constructed wetlands because maintenance of subsurface-flow (SSF) constructed wetlands to prevent clogging of the porous substrate is costly (O'Geen et al., 2010) . However, as regulations for P entering surface waters become more stringent, the use of SSF wetlands for treatment of agricultural effluent may increase, because SSF constructed wetlands are better suited for effective P removal (White et al., 2011) .
Before discussing constructed wetlands in detail, one should note that nutrient loading from greenhouse and nursery production sources into constructed wetland systems is quite variable and change both with season and cultural practices (e.g., fertilization and irrigation). Much of the data presented are averages over time; thus, the variability (SE) associated with the mean data presented in Tables 1 and 2 reflects a variety of factors, not just treatment efficacy.
SURFACE-FLOW CONSTRUCTED WETLANDS
In surface-flow (SF) constructed wetlands, water flows above the sediment or media surface, which is typically a clay or native soil with a subtending hardpan that is relatively impervious to water penetration (Fig. 1) . Nitrogen removal within a SF constructed wetland at a nursery in south Georgia, U.S., averaged 95% to 71% total N removal from production effluent from March to September and December to February, respectively, during a 3-year study (Taylor et al., 2006) . White et al. (2010) also monitored nutrient dynamics in the same wetland system on a daily basis during the spring (March, April, and May) for 3 years (2003, 2005, and 2006 ) as the potential for export of N and P during the peak fertilization of crops during spring was a concern. Consistent N removal was reported, although N concentrations entering the wetland during the spring were 2.6 times higher on average than those entering the wetland on an annual basis (White et al., 2010) . The percent of N removed annually (90%) was similar to that removed during the spring (82%) ( Table 1) . Longer HRTs increased the percent of N removed; during the spring study, 14% more N was removed with a 5.5-d HRT compared with a 3.5-d HRT (White et al., 2010) .
In a smaller-scale study conducted in British Columbia, Canada, wastewater from greenhouse vegetable production was treated using pilot-scale surface flow constructed wetlands established with 15-or 30-cm depths (Prystay and Lo, 2001) . Nutrient concentrations flowing into the constructed wetlands were high (223 mg · L -1 N and 99.3 mg · L -1 P; Table 1 ). Nitrogen concentrations in wetland effluent were reduced equally by 50%, regardless of cell depth. However, P removal efficacy was influenced by cell depth with shallower cells facilitating two times as much (54%) removal as the 30-cm cells (28%) (Prystay and Lo, 2001 ; Table 1 ). In the Taylor et al. (2006) study, P was exported rather than assimilated by the constructed SF wetland on an annual basis. White et al. (2010) reported 8.5% and 9.3% P removal for the same twostage SF wetland with 3.5-and 5.5-d HRTs, respectively. The P removal reported was likely the result of plant uptake, because plants in the constructed wetland were actively growing and gaining biomass during the experimental period and could serve as a sink for both N and P. In contrast, P export from the constructed wetland during the last year of the 3-year Taylor et al. study was likely the result of a variety of factors, including inflow P concentrations lower than the mean equilibrium P concentrations of the wetland (P concentrations below this mean equilibrium value typically result in desorption of P from wetland sediments), desorption of P from the clay lining the wetland cells in response to changes in pH or dissolved oxygen at the sediment water interface, and release of P resulting from internal cycling processes such as decay of senescing plant matter. Prystay and Lo (2001) recommended a multistage design with an unplanted pretreatment basin to facilitate P removal and planted surface flow cells for N removal. The retention time examined by Prystay and Lo (2001) was twice that of both Taylor et al. (2006) and White et al. (2010) ; however, the influent N concentration was 11 times higher, whereas loading rates were 16 to 33 times higher, depending on cell depth (Table 1) , and the influent P concentration was 45 times higher, whereas P loading rates were 123 to 246 times higher, depending on cell depth. Despite the longer retention times in the Prystay and Lo (2001) study, the pilot-scale cells did not adequately remove N and P. Additional stages of treatment cells or a treatment train were needed to extend the retention time of effluent within this system to adequately remove both N and P from the nutrient-rich greenhouse effluent (Prystay and Lo, 2001) .
Although the N concentration in effluent leaving the first stage (3.5 d HRT) of the constructed wetland in the White et al. (2010) study would meet drinking water requirements (10 mg · L -1 NO 3 -N or less), the ecological health of surface waters receiving this effluent could be degraded. The N concentrations were well above the 0.5-mg · L -1 N concentration that is recognized to minimize eutrophication of receiving waters (Khan and Ansari, 2005) . Depending on the stringency of the regulations proposed, longer retention times in SF constructed wetlands may be required to adequately cleanse nursery effluent, which would also increase a system's size and, therefore, land requirements and cost.
The metric (concentration or load) that regulators will use to moderate the impacts of nutrient-laden runoff is uncertain. In the two most recent cases in which regulations were imposed in an effort to protect water resources, the Florida numeric nutrient criterion used concentration-based end points, Table 1 . Concentration, z load, and percent removal of nitrogen (N) and phosphorus (P) in vegetated surface flow constructed wetlands as influenced by hydraulic retention time (HRT), water depth, and wetland size. Prystay and Lo (2001) , loading rates calculated from HRT, surface area, and concentration data presented in paper. x White et al. (2010;  spring study) and Taylor et al. (2006;  3-year, annual study). w Two-stage constructed wetland, first cell depth (76.2 cm) and second cell depth (20.3 cm). ND = data not available. Huett et al. (2005) , subsurface flow wetland lined with basaltic gravel. w Narváez et al. (2011) , subsurface flow wetland lines with granite and red volcanic pozzolan. ND = data not available, not published.
whereas the Chesapeake Bay used total maximum daily loads (TMDLs) (Majsztrik and Lea-Cox, 2013; Obreza et al., 2011; U.S. EPA, 2010) . Concentration-based metrics alone are poor end points for protection of ecosystem health. For example, if one regulates effluent concentration alone, those who have to alter practices to comply with the regulation may simply dilute effluent to meet the concentration requirement rather than alter fertilization and irrigation practices to reduce mass of nutrients and volume of water leached from production areas. A TMDL-based regulatory criterion would encourage changes in practice that would help conserve water resources while limiting nutrient impacts.
SUBSURFACE-FLOW CONSTRUCTED WETLANDS
In SSF constructed wetlands, water flows directly through media and is not generally visible (Fig. 2) . Subsurface-flow constructed wetlands have been used to treat nutrient-rich wastewaters (Headley et al., 2001) and effectively facilitate nutrient removal, especially NO 3 -N. However, performance efficacies vary, ranging from 20% to 95% N reduction. If P is the primary contaminant of concern, SSF constructed wetlands may be a better remediation tool than are SF constructed wetlands, because they can be tailored to sorb P by selecting a root-bed media with high P-sorption capacity and can be actively managed to effectively remediate P-laden production effluent (Pant et al., 2001; White et al., 2011) . The main drawback with SSF systems for P remediation is that the substrate needs to be removed and disposed of and new substrate and plants added periodically to maintain P adsorption capacity.
The P sorption potential of root-bed media in SSF constructed wetlands is important, because root-bed substrates with higher P-sorption capacities facilitate greater P removal from aqueous solution over a longer duration. Many studies have described the P-sorption capacity of a range of root-bed substrates (gravel, calcined clay, crushed brick, furnace slag, fly ash, shale, limestone, oyster shells, and sand) and shown varying degrees of P-sorption removal that range from 10% to 74% (Pant et al., 2001; Seo et al., 2005; Vohla et al., 2007; White et al., 2011) . The long-term viability of any root bed substrate for P removal is primarily dependent on its P saturation capacity. Any substrate used to remediate P eventually saturates and exports previously bound P (Pant et al., 2001; White et al., 2011) . Therefore, monitoring P effluent from established SSF wetlands systems is necessary, and the root-bed substrate must be replaced as needed to limit P export from saturated substrates into surface waters. White et al. (2011) reported consistent removal of P from simulated nursery effluent in a two-stage surface flow to subsurface flow constructed wetland trial. Phosphorus was not exported from the system for 6 months, at which time the root-bed substrate (a calcined clay) became saturated. Average P removal before the substrate saturated was 33% for the 4-d HRT treatment cells and 38% for 7-d HRT treatment cells (Table 2) . Huett et al. (2005) conducted a similar study comparing retention time of water in the wetland cells; however, P-loading rates were 30 times lower and reported removal efficacy averaged 90% for both the 3.5-and 7-d retention times with P concentrations in effluent averaging less than 0.05 mg · L -1 phosphorus ( Table 2) . Nitrogen concentrations were also reduced from 10.1 mg · L -1 to less than 1 mg · L -1 N in the treatment wetlands, regardless of the HRT. Narváez et al. (2011) evaluated removal of N and P from nursery effluent using both singlestage and two-stage, constructed SSF wetland systems. Treatment efficacy for N was relatively consistent (85% to 99%) over the four retention times examined (Table 2 ) without regard to stages of treatment or substrate within the cells. However, P removal decreased over time, and the authors suggested that clogging or saturation of the substrate contributed to this decline in P removal from 99% to 46% over a 28-d period.
Both surface and subsurface flow constructed wetlands require committing land for remediation purposes that could otherwise be used for production. Now, most growers do not have the capacity or are not willing to allocate land in this manner. Therefore, an alternative to these more traditional technologies is needed.
FLOATING TREATMENT WETLANDS
Floating treatment wetlands (FTWs) are a relatively new wetland technology that have gained acceptance in both the scientific and regulatory world over the past 5 years (Tanner and Headley, 2011; Wanaliesta et al., 2012; White and Cousins, 2013) . One advantage of FTWs is that they can be installed in existing retention ponds or drainage canals to facilitate nutrient removal. The Florida Department of Environmental Protection has accepted FTWs as a best management practice with a 12% concentration (N and P) reduction credit for nutrient removal in stormwater ponds (Wanaliesta et al., 2012) .
Remediation of N and P within FTWs is accomplished using the same biological and chemical processes that make traditional surface and subsurface flow constructed wetlands effective. The plants in FTW are placed in a buoyant substrate that keeps the plant crown above the water surface rather than planting the hydrophyte in the sediment or a substrate and submerging the crown in the water column or the plant roots within the soil (Fig. 3) . This enables use of a greater variety of plants in the FTW rather than only hydrophytic species. The root systems of the plants placed in the FTWs extend into the water column from 20 to 80 cm, depending on plant species, and provide very large surface areas for bacterial communities to colonize. Extensive root systems in the water column provide a larger surface area for intercepting sediment, absorbing nutrients, and releasing soluble carbon and other bioactive compounds that enhance removal of contaminants (Tanner and Headley, 2011; White et al., 2009 ). Although FTWs are tolerant of fluctuating water levels, a minimum water depth of 1 m should be observed to limit potential for plants rooting into sediments. White and Cousins (2013) conducted experiments with FTWs in 2008 and 2009 examining N and P removal at two loading rates. Influent concentrations during the 2008 study were 0.85 ± 0.32 mg · L -1 N and 0.08 ± 0.02 mg · L -1 P and in 2009 were 1.88 ± 0.38 mg · L -1 N and 0.22 ± 0.05 mg · L -1 P. Nitrogen concentrations in effluent leaving the smallscale (1.5 m 2 and 3.0 m 2 ; 95% cover) were reduced by 84% in 2008, down to 0.14 ± 0.04 mg · L -1 N, and by 58% in 2009, down to 0.79 ± 0.3 mg · L -1 N. Effluent P concentrations averaged 0.02 ± 0.01 and 0.12 ± 0.03 mg · L -1 P in 2008 and 2009, respectively, which equated to average P removal of 75% in 2008 and 46% in 2009. Differences in nutrient loading rates, plant uptake of nutrients, and percent coverage of FTW were the primary drivers of nutrient removal from the ponds. Tanner and Headley (2011) reported a 3-fold reduction of dissolved reactive P and fine suspended particles in treatment systems with 50% FTW cover. Current recommendations call for 5% cover on ponds with lower loading rates and up to 10% cover on ponds with increased loading or mixing (aeration) rates based on economic factors and nutrient removal efficacy (Wanaliesta et al., 2012) . Increased coverage percentages enhance nutrient remediation, but economic considerations usually limit installations with higher percentages of cover.
One option that could enhance the return on investment for FTW systems is their use as an alternative production area using nutrients leached during irrigation events to produce another crop. Potential crops include highvalue food crops (e.g., butterhead lettuce, basil, etc.), although food safety considerations may limit widespread application, or a biomass crop. One factor that must be more thoroughly explored before FTWs are implemented widely as a best management practice for nutrient mitigation is the use of active (harvested) vs. passive (non-harvested) management strategies. To effectively remove nutrients from the aquatic environment and break the internal nutrient cycle, the plant material in these systems must be harvested and not permitted to senesce in situ. However, harvest is a labor-and cost-intensive process, and unless the materials harvested can be used for another purpose, it is not likely to be widely adopted as a management practice for floating treatment wetlands.
CONCLUSIONS
The three treatment wetland technologies discussed range in applicability for small-to large-scale production facilities. Land availability, nutrient loading from production runoff, regulatory pressure, and financial resources will influence the degree to which any of the technologies will be adopted. These technologies are accepted treatment technologies that are adaptable to a variety of operation types and runoff scenarios and should be considered when specialty crop producers need best management practices to help mitigate nutrient-rich effluent. 
